The orientation dependence of piezoelectric properties has been calculated for 0.67Pb(Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 ͑PMN-33%PT͒ single-domain crystals based on the measured full matrix properties. It is found that the maximum d 33 * ϭ2411 pC/N and k 33 * ϭ0.94 occur, respectively, in directions 63.0°and 70.8°from the spontaneous polarization direction. In ͓001͔ of the cubic coordinate, the rotated properties are d 33 * ϭ2316 pC/N and k 33 * ϭ0.93, respectively, comparable to the measured multidomain properties. The results revealed the origin of the superior electromechanical properties in ͓001͔ poled PMN-33%PT multidomain crystals as from the large d 15 of the single-domain property.
The quality of relaxor based (1 Ϫx)Pb(Zn 1/3 Nb 2/3 )O 3 -xPbTiO 3 ͑PZN-PT͒ and (1 Ϫx)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 ͑PMN-PT͒ ferroelectric single crystals has improved drastically since 1996, 1-4 and several complete data sets of PZN-PT and PMN-PT single crystals have been measured for different compositions. [5] [6] [7] [8] [9] As shown in the measured data sets, the effective electromechanical coupling coefficient k 33 eff could be as large as 0.94 for 0.67Pb(Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 ͑PMN-33%PT͒ multidomain single crystal, and its piezoelectric coefficient d 33 eff could reach 2820 pC/N; while for 0.92Pb(Zn 1/3 Nb 2/3 )O 3 -0.08PbTiO 3 ͑PZN-8%PT͒ crystals, the d 33 eff could even reach 2900 pC/N. Such values are more than four times of that of the best modified Pb(Zr x Ti 1Ϫx )O 3 ceramics, which have been dominating piezoelectric applications for more than 40 years. In order to understand the origin of these high electromechanical properties, intensive research has been conducted on these crystals. [10] [11] [12] [13] [14] [15] [16] [17] [18] It is conceivable that the orientation dependence would play a key role in these multidomain systems, but one cannot evaluate it quantitatively because of the lack of a complete data set for the single domain state. Recently, we have successfully obtained such a complete data set for the PMN-33%PT by applying a bias field to maintain the unstable single domain configuration. 19 This letter is to calculate the orientation dependence based on our measured complete data sets for the single domain state.
Above 160°C, the PMN-33%PT single crystal has a cubic perovskite structure with crystal symmetry m3 m. It transforms to ferroelectric rhombohedral phase with 3m symmetry when cooled below 160°C. However, the single domain state is proved to be rather unstable at room temperature, which makes the characterization of the single domain data rather difficult. When an electric poling field along ͓001͔ of the original cubic coordinates is applied to the crystal, a multidomain configuration can be produced, which consists of four degenerate states and two sets of perpendicular charged domain walls. The interlocking of many domains and the presence of charged defects makes the multidomain structure much more stable than the single domain state. Statistically, the multidomain crystal has a pseudotetragonal 4mm macroscopic symmetry, although the microscopic crys- The results are shown in Figs. 1͑a͒, 2͑a͒ , and 3͑a͒, when a 3 * is rotated along the longitude and latitude line in 5°steps.
A cross section is plotted for each of the above cases and is given, respectively, in Figs. 1͑b͒, 2͑b͒ , and 3͑b͒. The cross section data were calculated at a smaller step of 0.1°in order to accurately locate the optimal directions.
The calculated orientation dependence of the physical properties of PMN-33%PT single crystal based on the single domain data set are shown in Figs. 1-3 . The distance between the origin and a point on the curve represents the absolute value of the constant in the corresponding direction. Figure 1 shows the orientation dependence of the dielectric constant. The maximum dielectric constant is in the direction perpendicular to the polarization direction, while the dielectric constant minimum is along the polarization direction. In fact, if we use the single domain data set to directly calculate the properties along ͓001͔ of the cubic coordinate ͑54.74°f rom the poling direction͒, we found that d 33 * ϭ2316 pC/N and k 33 * ϭ0.93, respectively, which are about the same as those directly measured in multidomain PMN-33%PT crystals. Some other calculated elastic compliance constants, dielectric constants, and piezoelectric constants along ͓001͔ of the cubic coordinate are also shown in Table I 
